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WIND-TUNNEL  MAGNUS  CHARACTERISTICS  CT  THE 
7-CALIBER  ARMY-NAVY  SPINNER  ROCKET 


Prepared  by: 

W .  Luchuk 
V.  Sparks 

ABSTRACT:  A  wind-tunnel  test  program  on  tbe  7-caliber  Army-Nary 
Spinner  Rocket  has  been  caapleted  in  the  NOI  io  i  M  cs  Aeroballistics 
Tunnel  No.  1.  Magnus  force  and  moment  measurements  have  been  aade 
at  Mach  nueibers  of  0.291,  0.600,  0.610,  0.911*,  1.57,  1.77,  1.90,  2.21, 
and  2.A6  and  at  angles  of  attack  up  to  20  degrees.  The  Magnus  measure¬ 
ment  problen  for  the  vlnd  tunnel  is  examined,  and  a  discussion  of  the 
Instrumentation  used  to  overcome  this  problem  1b  presented.  The 
results  of  the  test  program  are  presented  in  coefficient  form  and  a 
comparison  with  the  results  from  the  Aberdeen  Ballistics  Ranges  Is 
presented.  It  Is  shown  that  there  is  agreement  between  the  Naval 
Ordnance  Laboratory  vlnd  tunnel  sad  the  Aberdeen  range  results  at 
supersonic  speeds,  and  that  the  Magnus  coefficients  are  non-linear 
with  angle  of  attack. 
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uiKD-Tumu.  maoius  ceabactkristics  or  thx 

7-CALTBE  ARMX-IAVY  SPDODER  ROCKET 


URSODUCTIOI 

1.  The  7-callber  Any-levy  Spins er  Rocket  (Figure  1)  la  tha 
Intermediate  length  member  of  a  group  of  throo  lcw-drmg  rocket  shapes, 
whose  aerodynamic  character  lade*  aro  tha  subject  of  a  joint  krny- 
Ravy  raaaarch  prograa.  Measurements,  at  snail  angina  of  attack, 

of  thaaa  charactarlatlca  barn  toaan  aada  in  tha  rangas  at  tha  Balllatlc 
Raaaarch  laboratories,  Aberdeen  Proving  Ground ,  at  auparaanlc  a pond a 
(rafarancaa  a  end  a)  and  at  transonic  a panda  (reference  d).  Tha 
aarodyMnlc  charactarlatlca  of  tha  three  nature  of  thla  prograa  have 
also  been  aaaaured  In  a  wind  tunnel  at  lew  aubaoaic  a  panda  (rafarancaa 
b  and  a),  lata  la  1952,  at  tha  request  of  tha  Bureau  of  Ordnance  (Re3d), 
tha  level  Ordnance  laboratory  undertook  tha  problaa  of  determining  tha 
«*-f ■■■  charactarlatlca  cf  spinning  projectiles.  A  logical  choice  of 
nodal,  on  which  to  perform  the  first  wind-tunnel  measurements  was  tha 
7-oallbar  Anqr-Kavy  Spinner,  since  It  was  a  simple  shape  of  typical 
alas  He  proport  lone  and  since  there  were  considerable  range  data 
available  with  which  the  wind-tunnel  data  could  be  conga  red.  The 
initiation  of  a  prograa  of  Magmu  measurement,  necessitated  the 
developnant  of  suitable  laatrumntatlcn  sot  only  for  the  force  aaaaure- 
aent  eysten,  but  also  for  the  nodal  rotational  power.  The  problaa 
was  accentuated  by  the  awa  Tineas  of  tha  Magnus  force  compared  to  the 
other  farces  acting  on  tha  nodal.  A  discussion  of  tha  instrumental  Ion 
jii  ntiTema  and  tha  aolutlone  thereof  will  be  found  In  tho  section  on 
Inatrunantatlcn. 

2.  These  tests  ware  performed  In  the  101  bo  z  bo  cm  AerOballlstlcs 
Tunnel  lo.  1  (reference  f),  an  open- jet,  intermittent  type  tunnel.  This 
tunnel  was  primarily  designed  for  supersonic  tasting  but  It  can  be 
operated  at  subsonic  epeeda  by  Inserting  n  converging  nosals  and  using 
an  adjustable  diffuser  as  a  throttling  mlve.  Magnus  fores  and  nonant 
naasuranants  were  aada  using  an  "asternal"  strain-gage  balance,  with 

an  air  " coaster "turb lna  providing  the  rotational  power. 
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Symbols 

m  wind-tunnel  side  force  coefficient  ■  X/qS 
m  wind-tunnel  yawing  nonant  coefficient  ■  Y/qSd 
■  Magnus  fares  eosfflelant  (at  a  given  angle  of  attack) 


(Iota:  All  noeenta  are  referred  to  e.g.;  see  Figure  1) 
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Symbols  (continued ) 


>  aeroballistic  Magnus  fores  coefficient 


)P  $}/^)$<Js 


Magnus  aoaent  coefficient  (at  a  given  angle  of  attack) 
*  CmRx*ci 


aeroballistic  Magnus 


at  coefficient 


K t 


m  body  disaster  (0.167  foot) 


range  Magnus  farce  (pounds) 
vector  operator  •  If -1 

range  Magnus  force  coefficient  a  F/i/>u  o>d^ 
range  Magnus  aoaent  coefficient  a  -7/ ysuu  d^ 
aodel  length  (1.167  feet  or  7  calibers) 


M  a  Mach  nuaber 

KMp/  )p/j  a  aeroballistic  Magnus  aoaa&t  or  yawing  aoaent  due 
p  to  spin  velocity  at  an  angle  of  attack  (foot-pounds) 

[(Up*  )p/J  a  aeroballistic  Magnus  force  or  side  force  due  to 
spin  velocity  at  an  angle  of  attack  (pounds) 

p  a  rotational  velocity  (radians /second)  or  (revolut  lons/sec  and  ,rpe) 

q  a  dynamic  pressure  a^ey2  (pounds /feet2) 

“2“ 

Re  a  Reynolds  nuaber  based  on  aodel  length  a  Vi’^o 

S  a  reference  body  cross-sectional  arse  a  7Td2/4  (feet2) 

T  a  range  Magnus  aoaent  (foot-pounds) 
u  a  free- stream  velocity-range  (feet/second) 

V  a  free- streaa  velocity  a  u  (f set/second) 

Y  a  wind-tunnel  side  force  (pounds) 

a  a  angle  of  attack  (degrees  or  radians) 

X?  a  angle  of  yaw  (degrees  or  radians) 
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Symbol*  (continued) 

£  ■  error  notation 

£  m  aaroballlstlc  and  tango  complex  yav  angle  »  (#  +  1  a) 
(rad lane  or  degrses) 

•  free- stream  viscosity  computed  by  Sutherland'*  formula 
(pound  second/feet2)  (tf-  0°  for  wind  tunnel) 

>o  ■  free-rtreaa  air  density  (slugs /fast3  -feee2/fe#t^) 

6J  ■  range  rotational  Telocity  ■  p  (rad  lane  /second) 

JT  '■m  « lad-tunnel  aide  or  yawing  moment  (font/pounds) 


DBTRIMERATI3B 

3.  Only  the  more  laportant  features  of  the  lnetruaentatlon  are 
given  In  this  discussion  and  none  of  the  preliminary  tests  which  led  to 
the  design  of  the  present  lnetruaentatlon  are  described.  However,  the 
lnstruaentatlan  described  below  use  preceded  by  serrsral  preliminary 
set-ups,  each  of  which  yielded  Information  that  Indicated  the  need  for 
changes  or  additions  to  the  equlpaimt,  and  although  the  present  set-up 
will  yield  data  of  sufficient  accuracy  end  reliability  for  eoao 
purposes,  the  set-up  la  not  an  "Ideal"  solution  (see  uncertainty 
eetlnate,  paragraph  39)  for  the  measure sent  of  Magnus  affects  on  spinning 
aodels.  further  derslopaant  is  required  and  Is  now  being  carried  out. 

In  the  future,  data  of  man  reliability  and  accuracy  should  be  obtained 
because  of  Improved  lnetrusmstatlcn,  test  techniques,  end  wore  varied 
test  conditions  auch  as  testing  at  plus  and  minus  angles  of  attack, 
testing  with  plus  end  minus  spin  directions,  etc. 

k.  A  sketch  of  the  nodal,  balance,  and  support  system  Is  presented 
In  figure  2.  The  Instrumentation  used  Inside  the  wind  tunnel  In  this 
test  Is  divided,  far  the  purpose  of  this  discuss ion.  Into  the  following 
parts: 

(a)  A  fet lng -supported  spinning  nodal,  mounted  on  hell  bearings 

end  powered  by  an  vir  turbine  wheel  In  the  base  of  the  model  (see  figure  3). 

(b)  A  strain-gaged  sting  with  the  gage  sections  located 
iMed lately  behind  the  nodal  (see  figure  k). 

(c)  A  tachometer  pickup  which  has  an  A.C.  voltage  output  of 
the  sane  frequency  as  the  nodal  rotation  (tee  figure  3). 

(d)  A  support  systen  which  permitted  e  a  sell  variation  of  the 
angle  of  yaw  as  well  as  variation  In  the  angle  of  attack,.  The  variation 
In  yaw  angle  removed  any  trim  angle  In  the  yav  plane  (see  Figure  5). 

5.  The  model  used  in  this  test  consisted  of  a  thin  aluminum 
shell  mounted  on  tvo  high-speed  bell  bearings.  A  magnetised  steel  ring 
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wi  Mounted  Inside  the  model  end  rotated  vlth  the  Model  to  induce  an 
alternating  e.m.f.  In  the  stationary  tachoneter  pick-up  coll.  An  air 
turbine  rotor  attached  to  the  Model  near  the  base  provided  the  Model 
rotational  power.  Maximum  spin  rates  of  about  36,000  rpa  were  used 
In  these  tests;  higher  spin  rates  can  be  obtained,  if  desired,  vlth 
Motive  power  at  this  type.  The  other  components  located  Inside  the 
Model  were  non-spinning  and  consisted  of  a  sting  extension  on  which 
the  bearings,  the  tachoneter  pick-up  coll,  and  the  turbine  air- Inlet 
notzls  unit  ware  Mounted.  The  high  pressure  turbine  air  (over  100  pel) 
was  supplied  to  the  Model  through  the  hollcw  sting.  After  passing 
through  the  turbine  blades,  the  air  was  exhausted  through  the  base  of 
the  aodel.  The  following  are  aeong  the  More  Important  requirements 
which  were  net  as  far  ac  possible  In  the  design  and  Manufacture  of  the 
Model  and  Model  components; 

(a)  the  spinning  aodel  shell  was  made  as  light  as  possible  and 
the  concentricity  of  all  surfaces  was  held  to  a  close  tolerance  to 
minimise  any  mass  unbalance  which  Might  Induce  vibrations) 

(b)  the  support  bearings  were  widely  separated  to  reduce 
"run-out"  In  the  Model  due  to  "slop"  In  the  bearings  and  thus  Minimise 
dynamic  unbalance  due  to  run-out) 

(c)  the  spinning  tachometer  magnet  was  made  of  hardened 
steel  since  It  was  learned  that  Alnlco  magnets  would  explode  at  the 
spin  rates  attainable  with  air  turbine  drives) 

(d)  the  model-motor  combination  was  capable  of  being  dynamically 
balanced  by  the  addition  of  small  weights  la  two  tswasverse  planes, 

one  at  which  was  located  near  the  aoee  aad  the  other  was  located  near 
the  rear  of  the  aodel.  At  each  of  these  transverse  planes,  there  was 
a  ring  of  tapped  holea  into  which  small  set  screws  could  be  Inserted 
to  effect  the  dynamical  balance.  These  holes  were,  of  course.  Inside 
the  aodel. 

6,  The  sting  used  In  this  test  contained  two  t  '.in-gaged  yaw 
sections  (see  figure  k).  The  strain-gage  bridge  for  the  front  section 
gave  a  D.C.  signal  voltage  proportional  to  the  yawing  acment  about  a 
point  0.68  calibers  In  front  of  the  base  at  the  aodel.  The  aft  strain- 
gage  bridge  gave  a  D.C,  signal  voltage  proportional  to  the  yawing 
meant  about  a  point  3.80  calibers  behind  the  base  of  the  aodel.  To 
eliminate  any  possible  effects  of  air  loads  on  the  balance  itself,  it 
was  enclosed  In  a  windshield  which  extended  forward  from  the  sector 
Into  the  base  of  tha  aodel  (see  Figure  4).  The  long,  hollow  sting  was 
made  In  several  sections  which  were  assembled  aad  silver  soldered 
together  before  the  strain  gages  ware  mounted .  This  typs  of  conatructlon 
was  necessary  In  order  to  provide  a  sufficiently  large  air  passage 
through  the  sting  and  to  permit  the  machining  of  gage-section  walls  of 
thicknesses  sufficient  to  Insure  relatively  high  sensitivity  to  applied 
yaw  loads  aad  yet  provide  adequate  strength  for  high  pitch  loads. 
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7.  The  tachometer  pick-up  coil  consisted  simply  of  a  nail  coll 
of  flat  wire  wound  around  a  soft  iron  core.  Ona  end  of  the  core  was 
■ousted  with  only  a  few  thousandths  of  an  Inch  clearance  between  It  and 
the  spinning  aagaet  so  that  with  the  nodal  (and  aagnet)  spinning,  an 
alternating  e.m.f.  was  Induced  In  the  pick-up  coll  (see  Figure  3). 

8.  The  stlng-nousted  aodel  was  clanged  In  a  so-called  aero- yaw 
device  which  permitted  a  ♦  2  degrees  ad  justasnt  la  the  yaw  angle 
(eee  Figure  5).  This  derlc-j  was  la  turn  clanged  to  the  sector  with 
which  the  angle  of  attack  Is  war  led.  Vhsn  the  aodel  la  Installed  la 
the  tunnel  there  nay  be,  and  la  fact  usually  is,  a  snail  angle  la  the 
yaw  plane  between  the  aodel  axis  and  the  air  flow.  This  angle,  usually 
one  half  degree  or  lees,  oaa  be  tolerated  for  aost  wind-tunnel  tests 
since  Its  effects  esa  be  removsrt  froa  the  final  data.  Sawever,  with 

a  sensitive  balance  such  as  is  required  for  Magnus  aaasureasnts  the 
aoasBt  due  to  this  yaw  angle  nay  be  larjp  comparer  to  tha  Magnus  ament 
end  any  introduce  difficulties  la  accurately  recording  the  data. 

Therefore,  the  aero-yaw  device  le  used  In  Magnus  asssure—nts  to  eliminate 
moments  In  the  yaw  plane. 

9.  The  InstrunsBtetloa  used  outside  the  tunnel  In  this  test  Is 
divided,  for  the  purpose  of  this  discussion,  into  the  following  perte: 

(see  Figure  6). 

(e)  A  pre-amplifier  to  eapllfy  the  voltage  of  the  tachometer  signal. 

(b)  An  audio  frequency  oscillator  to  provide  calibration 
frequencies  for  use  with  the  tachometer  Instrumentalism. 

(e)  An  events- p<w- unit-time  counter  to  measure  either  the 
eallbretlaa  frequencies  or  the  amplified  tachometer  output  frequency. 

(d)  An  oecllloecope  to  monitor  tha  a^llfled  tachometer  signal. 

(e)  An  electronic  tachometer  to  convert  the  amplified  alter¬ 
nating  voltage  from  the  pick-up  coll  Into  a  direct  current  voltage 
proportional  to  the  model  spin  frequency. 

(f)  A  servo  system  to  position  tha  recorder  chart  as  a  function 
of  the  model  spin  rate  and  In  so  doing,  null  out  the  D.C.  voltage  of 

the  electronic  tachometer. 

(g)  A  6  volt  battery  to  apply  e  D.C.  voltage  across  the  strain- 
gege  bridges. 

(h)  A  nulling  end  calibration  circuit  for  each  strnln-gage  bridge. 

(1)  A  D.C.  amplifier  for  each  straln.^ge  bridge  to  ewplify  the 
unbalance  voltage  between  the  bridge  and  nulling  circuit)  the  imbalance 
le  Indicative  of  any  moment,  due  to  air  loads,  about  that  strain-gage 
section. 

(j)  A  two  channel  recorder  which  had  been  modified  as  stated  in 
paragraph  19  below,  to  wake  tha  chart  position  a  function  of  a  third  variable. 
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10.  Any  high  gain  amplifier  Is  adequate  for  amplify  lug  the 
pick-up  coil  signal.  Ia  this  test  a  Osnsral  Radio  Amplifier  vas  used. 

Tor  future  teste  the  use  of  a  Techtronic  direct  coupled  pre-ampllf ler 
le  planned  since  this  pre-ampllf ler  has  built- la  circuits  to  remove 
any  uadeelred  frequencies  (la  -his  case  sixty  cycle  pick-up  vhlch  gives 
trouble  at  low  rotational  speeds  where  the  tachometer  voltage  Is  low 
aad  high  amplification  Is  required). 

11.  A  Hewllt  feckard  Audio  Frequency  Oscillator  was  used  to  provide 
calibration  frequencies.  In  obtaining  Manaus  data  the  oscillator  vas 
used  in  the  following  manner;  for  sero  frequency,  the  chart  vas  set  to 

a  sero  position.  The  oscillator  was  set  to  the  desired  top  frequency  to 
be  used  In  the  test.  In  this  case  600  cycles  per  second,  and  then 
switched  into  the  tachometer  circuit.  The  chart  servo  system  would 
position  the  chart  at  the  point  corresponding  to  600  cycles  per  second. 
The  distance  between  the  sero  frequency  chart  position  and  the  600  cycle 
per  second  chart  position  provided  the  scale  factor  for  chart  position 
versus  spin  rate.  The  oscillator  was  also  set  at  500,  kOO,  300,  200, 
and  100  cycles  per  second  to  check  the  linearity  of  chart  position  with 
spin  rate.  It  was  found  that  the  chart  position  uncertainty  was 
approximately  *  1  per  cent. 

12.  An  evwnte-per-unlt-tlme  counter,  called  an  XfCT  Meter,  wee 
used  as  a  standard  frequency  or  spin-rate  measuring  device.  This 
lnetnmHmt,  produced  by  the  Berks ly  Instrument  Company,  ia  accurate  to 
the  nearest  count.  In  this  test  it  was  set  to  count  cycles  per  second 
and  earn  used  to  cheek  output  frequency  of  the  audio  oscillator  aad  the 
nodal  spin  rate. 

13.  A  Dumont  Oscilloscope  was  used  to  monitor  the  uglified 
tachometer  signal.  This  instrument  had  two  purposes:  (a)  it  could  he 
used  as  a  voltmeter  by  coshering  the  peak  voltage  of  the  amplified 
signal  with  a  calibrating  voltage  available  la  the  oscilloscope,  (an 
A.C.  voltage  of  at  least  5  volts  is  required  for  carrot  operation  of 
the  electronic  tachometer),  aad  (b)  it  eae  used  to  detect  the  presence 
of  harmonies  la  the  amplified  pick-up  coil  signal  (the  General  Radio 
Xleetroalc  Tachometer  will  count  harmonics  as  well  as  fundamental 
frequency  aad  thus  give  an  erroneous  frequency  reading  If  the  amplitude 
of  the  harmonica  la  excessive). 

Ik.  The  a^llfled  pick-up  coll  output  was  fed  Into  a  Oeasral  Radio 
Blactroalc  Tachometer.  This  Instrument  has  an  indicating  aster  (a 
D.C.  ml  11  lamest er)  which  Indicated  the  frequency  of  the  A.C.  signal 
connected  to  Its  Input.  Instead  of  read  Inc  the  deflection  of  the 
Indicating  aster,  the  voltage  drop  across  the  aster  was  used  to  provide 
a  D.C.  voltage,  proportional  to  the  aodel  spin  rate,  which  could  be 
used  as  a  signal  to  operate  the  recorder  chart,  positioning  eerro  aystea. 

15.  A  servo  system  which  positioned  the  recorder  chart  as  a 
function  at  the  aodel  spin  rate  was  the  flml  part  ia  the  taehoaeter 
systea.  This  servo  cystea  was  built  around  a  Leeds  and  lorthrup 
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Speed-o-mox  Amplifier  end  e  pen-drive  motor.  The  signal  obtained  from 
the  General  Radio  electronic  Tachometer  vu  nulled  agalnat  the  voltage 
drop  acroee  a  helipot.  The  he  11  pert  vu  geared  to  the  recorder-chart 
drive  system.  Therefore,  when  a  steady  model  spin  rate  waa  attained  the 
servo  system  would  drive  the  chart  to  a  fixed  position  and  rotate  the 
helipot  to  the  position  required  to  null  out  the  signal  obtained  from 
the  electronic  tachometer.  Since  the  helipot  was  geared  to  the  chart 
drive,  this  means  that  the  chart  position  was  a  function  of  the  sodel-epln 
rate.  However,  If  the  model-spin  rate  was  continuously  increasing  or 
decreasing  as  in  this  test,  the  servo  system  would  never  attain  this 
null  condition  but  would  always  be  slightly  "behind"  the  true  null 
position.  This  Introduced  a  "hysteresis"  effect  between  Increasing  and 
decreasing  spin  directions.  By  regulating  the  p4n  of  the  servo  amplifier 
and  the  voltage  across  the  nulling  helipot  It  was  possible  to  decrease  the 
width  of  the  "hysteresis"  loop  to  approximately  the  width  of  the  recorder 
pen  line  for  the  rotational  accelerations  used,  'i.tia  slight  error 
Introduced  no  significant  uncertainty  Into  the  data.  Controls  were 
provided  to  adjust  both  the  chart  aero  position,  and  chart  spin- rate 
scale  factor  (see  figure  7). 

16.  The  strain- gage  bridges  were  powered  h y  a  6  volt  battery. 

Xo  provision  was  made  for  regulating  this  voltage,  and  therefore,  the 
voltage  must  have  decreased  continuously  with  time.  To  taka  this  into 
account,  the  chart  calibration  curve  far  strain-gage  bridge  unbalance  was 
repsated  at  frequent  Intervale  during  the  teat.  It  wee  found,  however, 
that  the  chart  calibrations  did  not  change  with  time  (within  the  accuracy 
of  the  calibration)  even  over  5  days  at  continuous  testing,  which  indicated 
that  the  decrease  la  battery  voltage  waa  Insignificant.  D.C.  power  to 

the  stzaln-gsg  bridges  was  used  for  several  reasons.  Preliminary  teats 
Indicated  that  sero  shifts  in  the  electrical  balance  at  the  bridges  due 
to  tasveroture  affects,  were  of  the  seme  order  at  magnitude  for  either 
K.C.  or  D.C.  power.  With  D.C.  power  to  the  gages,  D.C.  amplifiers  with 
highly  filtered  Input  circuits  could  be  used.  With  an  A.C.  system,  the 
amplified  bridge  signals  showed  large  variations  nsar  all  resenaat- 
vlbratlonal  frequencies  of  the  model  and  sting  as  veil  as  large  variations 
at  all  multiples  mod  sub-multiples  at  the  strain- gage  carrier  frequency. 

17.  A  nulling  and  calibration  circuit  was  provided  to  "sero  out" 
any  Initial  unbalance  In  the  bridge  circuits  sad  provide  a  means  of 
calibrating  the  balance  that  Is  Independent  of  applied  voltage  to  the 
bridge. 

18.  A  Leeds  and  Xorthrup  D.C.  Amplifier  was  used  for  each  strain- 
gage  circuit.  These  amplifiers  are  squlppsd  with  input  circuits 
which  flltsr  out  ary  A.C.  eumponento  In  the  strain-gage  signals.  This 
eliminated  the  troubles  mentioned  above  In  paragraph  16.  It  was  also 
found  that  the  use  at  these  D.C.  amplifiers  permitted  higher  amplification 
factors  because  of  their  greater  stability  az*3  because  at  their  greatly 
simplified  nulling  and  calibration  circuits  as  compared  to  the  phase 
shifting  circuits  required  with  A.C,  strain-gage  power.  These  D.C. 
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aapllflai*  contained  built-in  step  switches,  the  use  of  which  nade 
available  a  rang*  of  amplification  fact-ora  aach  of  which  has  a  known 
and  azact  nultlpls  of  tha  others.  This  faatura  simplified  data 
taking  in  that  tha  aapllf  lest  ion  could  ba  changed  ovar  a  wlda  ranga 
of  waluaa  without  recalibration. 

19.  A  two-efaaanal  Loads  and  larthrup  Bpeed-o-nax  Bacordar  was 
usad  to  racord  tha  data.  This  racordsr  as  purchased  fron  tha  nanufactursr 
was  equipped  with  both  a  ti— -drive  eysten  and  a  selsyn-drlve  eysten 
for  tha  chart.  That  is,  tha  chart  poeltlon  could  ba  a  function  of  tins 
with  chart  speeds  of  either  ana  inch  par  Minute  or  thirty  inches  par 
alnute,  or  tha  chart  could  ba  positioned  with  tha  salsyn  actor.  This 
latter  nsthod  of  poaltloning  tha  chart  essentially  converted  the 
recorder  to  an  Xi,  Xg,  and  I  recorder,  that  is,  two  variable-:  could 
ba  directly  recorded  as  functions  of  a  third  varlrble,  provided  that 
the  third  variable  could  ba  related  to  toe  rotational  angle  of  the 
eeleyn  generator  controlling  tha  position  of  tha  salsyn  aotor  in  the 
chart  drive  syrton.  Tha  two  pen  recorder  converted  to  an  Xi,  Xa»  * 
recorder,  is  particularly  suitable  for  recording  data  such  ae  Magnus 
forces  continuously  as  functions  of  nodal  angle  of  attack.  However, 
this  eeleyn  eysten  is  not  easily  adaptable  to  recording  an  lndayendsnt 
or  "X"  variable  which  is  available  as  a  D.C.  voltage.  Therefore,  a 
servo  eysten  was  node  to  position  the  chart  with  a  D.C.  voltage.  The 
chest-drive  eeleyn  aotor  was  replaced  with  a  servo  aotor  end  with  this 
change  the  recorder  could  then  plot  two  variables  each  aa  a  function  at 
a  third,  aach  dependent  variable  (Xi  or  X2)  being  a  D.C.  voltage 
between  0  end  10  *1111 volts . 


Teat  Technique 

20.  Tha  nodal  usad  in  these  testa  had  aa  air  "coaster"  turbine 
for  its  rotational  power.  Tha  tarn  "coaster"  naans  that  this  nodal  was 
designed  to  ba  brought  up  to  a  certain  spaed  before  tha  wind-tunnel  blow 
was  started.  Then  with  the  angle  at  attack  set  at  sons  value, 

the  blow  was  started  end  flew  established,  the  high  pressure  supply 
air  to  tha  turbine  was  cut  off  and  tha  nodal's  rotatlousl  spaad 
allowed  to  "decay"  during  the  duration  at  tha  blow.  Strain- gage  balance 
date  were  ccrtlnuously  recorded  aa  functions  of  spin.  This  type  of 
date-taking  procedure  was  intended  to  avoid  any  possible  offset  of 
turbine  power  on  the  strain-gage  balance.  The  disadvantage  of  this 
procedure  was  that  the  speed  deers— nt  during  "coast-down"  was  snail, 
thus  requiring  several  wind-tunnel  blows  to  cover  tbs  desired  rotatloml 
speed  range,  for  each  angle  of  attack.  This  nodel-notor-balance 
c-ntoination  wee  cheeked  for  turbine-power  effects  on  tha  balance  by 
running  up  tha  rotational  speed  with  the  wind  off  and  noting  the 
balance  output.  The  rotational  spaad  had  no  affect  on  the  strain-gage 
balance.  With  this  feet  established  a  "pewar  on"  type  wind-tunnel 
blow  wee  attempted.  This  "power  on"  type  blow  revealed:  (a)  that  tha 
"power  on"  rotational  acceleration  was  *uch  greater  than  tha  deceleration 
which  occurred  during  a  "coast  down"  type  blow,  (b)  that  a  higher 
aazlmui  rotational  apaad  could  ba  attained.  These  "power  on"  effects 
vers  probably  a  result  of  tha  Increase  in  aax5*un  power  tha*,  tha  turbine 
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could  develop,  due  to  the  reduced  beck  pressure  to  the  elr  turbine 
caused  by  reduced  ambient  air  pressure  in  the  wind  tunnel  during  the 
bice •  This  lscreeso  In  turbine  power  made  It  possible  to  cover  a  larger 
speed  range  In  a  single  blow,  thereby  cutting  down  the  required  wind- 
tunnel  tine  by  a  considerable  aaount .  These  conditions  were  sufficient 
to  warrant  the  performance  of  this  type  of  blow  for  the  entire  progran. 

At  one  test  condition  M  a  0.191,  a  -  -21  degrees,  a  completely  non»llneu.r 
set  of  recorder  traces  were  obtained,  which  looked  unusual.  This 
condition  was  repeated  and  test  data  were  taken  for  two  "power  up" 
type  blows  and  a  single  "coast  down"  type  bleu.  The  data  are  presents 
In  Figure  9  as  further  Justification  of  the  "power  up”  type  blow. 

21.  This  test  pro gran  did  not  Include  Mach  numbers  higher  than 
2.16  because:  (a)  the  maximum  Magnus  force  that  this  sits  model  was 
able  to  develop  was  approaching  tero,  and  (b)  the  balance  used  did 
not  have  the  extreme  sensitivity  required  to  assure  these  minute  forces. 
Four  subsonic  Mach  numbers  were  chosen  to  cover  the  entire  subsonic  range 
with  special  emphasis  on  the  high  subsonic  end,  where  aerodynamic 
characteristics  usually  have  the  largest  variations.  The  angle  of  attack 
range  for  this  program  waa  approximately  degrees  to  -?1  degrees. 

This  sign  designation  was  used  strictly  for  convenience  in  the  wind 
tunnel. 


Coefficients 

22.  The  definitions  for  side  force  and  yawing  moment  coefficients 
(in  this  case  due  to  Magnus,  l.e.,  due  to  spin  at  an  angle  of  attack) 

In  use  In  the  Havel  Ordnance  laboratory  wind  tunnels  are 


Cy  .  r 

Side  force  coefficient 

Cy  ■  Y 
^  qSI 

Tawing  mom 

sat  coefficient 

23.  The  aereballlstic  Magnus  force  and  moment  coefficients  as 
defined  in  references  (g)  and  (h)  are 


fo*  a  ] 


Magnus  force  coefficient 


c"ih  •  H  3 
f*  (I?)  "sa 


Magnus  moment  coefficient 
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2b.  The  ball  la  tic  Magnus  fare*  end  —at  coefficient  def  lnltloo* 
*a  given  by  nfmuM  (g)  ud  (b)  (*•<*  *l*o  reference  (1))  are 


F 

1^/uud- 

-T 

jfys  uwd* 


Magnus  fore*  coefficient 
Magnus  aneent  coefficient 


25.  Fro*  th*a*  definitions,  for  th*  *aa*  angle  of  attack  (or  yaw) 
with  respect  to  tb*  wind  vector,  tb*  following  relation*,  valid  far  th* 
wind-tunnel  cm**,  can  b*  arrived  at 


JQ  16 

ir 

f in  tb*  ease  of  the) 
J  wind  tunnel  /3~  0  \ 

La  16 

1  IT 

|i.*.,  f  m  a  j 

Tb*  bracket*  la  tb*  abor*  relation*  are  Included  to  lndlcat*  that  the** 
quantities  nay  bar*  either  a  poaltiv*  or  negative  sign,  and  that  tb* 
al gn  which  precede*  than  1*  there  a*  part  of  tb*  definition. 

26.  If  tb*  simple  two  dlaanaional  picture  of  tb*  Magnus  affect  is 
considered  to  be  act  lac  on  a  spinning  body  at  an  angle  of  attack,  th* 
above  coefficient*  will  have  tb*  following  signs. 


Center  of 


Ahead  of  Canter  of  Grant 


*9,  ** 
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Data  Deduction 

27.  The  raw  data,  taken  at  fixed  value*  of  angle  of  attack,  were 
"linear”  with  rotational  velocity  with  only  a  *  ingle  exception.  Thia 
greatly  a  lap  Ilf  led  the  data  reduction  by  -»n»g  it  poeaible  to  reduce 
the  data  hr  "alopea."  Inatead  of  taking  particular  pointa  on  the 
recorder  trace*,  atralgfat  llnea  were  faired  over  the  trace*  and  the** 
alopea  converted  to  coefficient  alopea.  Thee*  coefficient  alopee 
were  the  change  in  aide  force  coefficient  and  yawing  nonant  coefficient, 
Cy  and  Cy,  reepectively,  with  apln  (i.e.,  dCy/dp  dCy/dp).  Fron  theae, 
the  Magnus  coefflelente  were  obtained 


It  la  to  be  noted  that  the  above  coefficient*,  Cy,  Cy,  C*_,  Cm  ,  ,  and 

are  all  non  d lean*  tonal.  r  r  "p  % 

26.  The  only  correction  applied  to  the  data  was  the  shifting  of 
the  curve*  to  the  trlwd  angle  of  attack  condition.  A  correction  to 
the  indicated  angle  of  attack  due  to  pitch  plane  loads  was  determined 
and  found  to  he  only  0.3  degrees  at  an  Indicated  angle  of  attack  of 
22  degrees,  at  M  -  1.56,  th*  condition  of  greatest  pitch  loads.  Thia 
correction  to  the  indicated  angle  of  attack  amounted  to  less  than 
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2  percent  at  meet,  end  would  not  contribute  significantly  to  the 
Improvement  of  the  date.  It  vu,  therefore,  omitted ,  It  should  also 
be  noted  that  this  correction  wee  computed  using  no- spin  static  pitch 
force  end  moment  date  taken  during  another  program.  Corrections  to 
the  data  due  to  pitch  or  yaw  Interactions  were  not  required  with  the 
•train- gage  balance  used,  since  these  Interactions  were  removed  by 
electrical  shunting  in  the  balance  bridge  circuits  (see  reference  J) . 

29.  The  standard  right-hand  coordinate  system,  as  used  by  the 
National  Advisory  Committee  for  Aeronautics  and  the  Ballistic  Research 
laboratories,  was  adopted  to  define  the  orientation  of  the  model  In  the 
wind  tunnel  and  establish  the  sign  conventions.  This  system  is  shown 
In  Figure  8  (see  references  g  end  h). 


Accuracy 

30.  No  computation  has  been  made  to  determine  absolute  probable 
errors  for  these  data,  however  am  Indication  of  the  accuracy  based  on 
the  repeatability  has  been  made.  The  coefficients  Cgp  and  C|4p  were 

taken  In  two  groups)  one  group  of  data  being  that  which  was  included 
In  the  angle  of  attack  range  from  -*4  degrees  to  -8  degrees;  and  the 
other  group  of  data  being,  that  which  wae  obtained  at  angles  of  attack 
from  o  ■  -8  degrees  to  a  m  -21  degrees.  This  grouping  was  done  for 
all  Mach  numbers.  On  this  basis  the  average  deviations  In  the  coeffi¬ 
cients  Cgp  ♦  Clip  were: 


% 

% 

-8*  5  a  S 

♦0.0005 

♦0.0138 

-21°  4  0  <  -8° 

♦0.0181 

♦0.0316 

If  these  deviations  were  considered  as  average  deviations  In  percent 
of  the  measured  coefficients  the  result  would  be 


€Clp/C*p 

C CMp/CMp 

-8°  i  0  4  *° 

♦9.2  percent 

♦35.0  percent 

-21°  £  a  <  -8° 

L. —  —  ■  ... 

♦2.3  percent 

♦6.3  percent 

That  the  percent  error  should  be  larger  for  the  lew  angle  of  attack  range 
is  to  be  expected,  since  the  coefficients  are  approaching  tero.  A  better 
estimate  of  the  accuracy  of  measuraawnt  might  have  been  obtained  If  the 
percent  deviations  were  determined  using  the  actual  farces  end  moments, 
and  considering  the  data  as  being  part  of  a  large  farce  and  moment  group 
and  a  small  fores  and  moment  group.  This  would  have  been  a  more 
realistic  sstlaate  In  view  of  the  fact  that  at  high  subsonic  speeds  and 
relatively  lew  angles  of  attack  appreciably  larger  forces  and  moments  were 


12 

CCHTIMHTIAL 


CONFIDKNTIAL 
NAVCRD  Report  3813 

obtained  than  at  high  Mach  numbers  end  high  angles  of  attack.  Unfortu¬ 
nately',  due  to  the  lack  of  a  sufficient  number  of  repeat  points  at  a]l 
angles  and  at  all  Mach  nuabers,  an  adequ*t.«  statistical  error  analysis 
vas  not  practicable. 


Results 


31.  A  complete  definition  of  the  vind- tunnel  test  conditions  is 
presented  in  Table  I  in  which  the  Reynolds  nunber  (baaed  on  the  and el 
length  of  14  Inches),  the  dynamic  pressure,  the  flux  density  on  mass 
flow  per  unit  area  (y®  V) ,  and  the  maximum  Magnus  farce  and  moaent 
measured  at  600  revolutions  per  second,  are  tabulated  for  each  Mach 
number. 

32.  The  "basic"  side  force  and  yawing  moment  coefficients,  (about 
the  canter  of  gravity)  Cy  and  Cy,  are  presented  In  Figures  10  to  19  as 
functions  of  the  rotational  velocity,  p  (revolutions  per  second),  for 
constant  angles  of  attack.  This  is  in  the  same  general  form  as  the  raw 
data  vere  obtained  during  the  actual  testing.  The  alternate  plots  of 

Cy  and  Cy  are  arranged  in  the  order  of  increasing  Mach  number  from 
M  ■  0.291  to  M  >  1.56.  These  figures  reveal  that  the  Magnus  character¬ 
istics  at  this  configuration  exhibited  an  orderly  behavior  with  spin 
rate,  angle  at  attack,  and  Mach  number;  the  figures  also  show  certain 
noteworthy  features  of  both  the  subsonic  Magnus  characteristics  ard  the 
supersonic  Magnus  characteristics,  which  will  be  discussed  below. 

33.  Generally  speaking,  the  data  obtained  at  M  *  0.291  (Figures  10 
end  11)  exhibit  the  most  marked  variations  in  Magnus  characteristics  for 
all  the  Mach  nuabers  tested .  It  con  be  seen  from  these  two  figures  t.  *. 
at  small  angles  of  attack,  the  Magnus  characteristics  are  linear  with 
spin  rate.  As  the  angle  at  atteck  is  increased,  the  linearity  of  the 
Magnus  characteristics  with  spin  persists  hut  only  up  to  a  certain  spin 
velocity.  At  this  point  the  data  abruptly  take  on  a  different  linear 
relationship  with  spin.  This  "bl-llnear"  behavior  continues  with 
increase  in  angle  at  attack  until  at  an  angle  of  attack  of  -21  degroes 
the  Magnus  variation  with  spin  becomes  completely  non-linear.  The 

next  pair  at  Figures,  12  and  13,  present  the  basic  coefficients  at 
M  -  0.600.  These  curves  are  essentially  the  same  as  those  for  M  -  o.-yl 
except  that  the  non-linear  behavior  at  u  m  -21  degroes  has  become 
"bi- linear."  The  magnitudes  nf  the  coefficients  in  these  plots  are 
slightly  larger  than  those  preeented  at  M  -  0.291.  Figures  ll  through  17 
present  the  data  obtained  at  M  -  0.810  and  0.914.  The  general  form  of 
these  curves  is  the  same  as  tha  curves  for  M  -  0.600  except  that  the 
magnitudes  of  the  coefficients  have  grown  larger  with  the  increasing 
mch  number.  One  general  effect  which  can  be  observed  is  that  the 
break"  in  the  curves  becomes  less  pronounced  with  increasing  Mach 
numbers.  The  occurrence  of  the  "break"  or  "corner"  in  the  subsonic 
data  is  at  preeent  unexplainable.  The  points  at  which  these  "breaks" 
occur  are  not  accurately  defined  because  of  fluctuations  in  the 
recorder  traces  due  to  model  vibration  and  tunnel  turbulence,  <uxi 
because  the  change  in  the  actual  recorder  trace  slope?  for  most  cases 
is  small. 
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31*.  The  plot*  of  Cy  end  Cy  at  M  ■  1.57#  Figures  18  and  19/  are 
included  to  show  the  narked  linearity  of  these  coefficients  with  spin, 
even  at  the  highest  angles  of  attack,  as  contrasted  to  the  "hi- linear" 
variations  at  subsonic  speeds.  The  prinaxy  coefficients  for  the  higher 
supersonic  Mach  mothers  are  identical  in  font  to  those  presented  in 
Figures  18  and  19.  They  are  not  presented  here  since  it  is  felt  that 
the  data  at  M  ■  1.57  are  sufficiently  representative  of  all  the  super¬ 
sonic  Mach  mothers. 

35.  The  next  group  of  figures  present  the  Magnus  force  coefficients, 
C|fp,  the  Magnus  aoasnt  coefficients,  CMp,  and  the  center  of  Magnus.  These 
coefficients  oay  be  written  as 

%  •  %,■“  * '  Cl(§r)  °“p  ■  ■  °y  (fjf) 

These  coefficients  are  the  next  logical  step  in  the  data  reduction  since 
they  an  essentially  the  slopes  of  the  basic  coefficients.  Tha  subsonic 
Magnus  coefficients  are  presented  in  Figures  20  to  23;  solid  curves  have 
been  faired  tbrougi  the  points  which  represent  the  Initial  slopes,  up  to 
the  break,  of  the  basic  coefficient  curves.  Sashed  curves  have  been 
faired  through  those  points  which  represent  the  elopes  ("secondary"  slopes) 
of  the  basic  coefficient  curves  after  the  "breaks."  The  "secondary"  slope 
points  far  M  -  0.291  have  not  been  Included  In  Figure  20  because  their 
erratic  behavior  defines  no  distinct  curve.  This  group  at  subsonic*  figures 
reveals  that  there  la  a  smooth  variation  at  Cgp  and  Cjtp  with  angle  of 
attack  (even  for  the  "secondary"  slopes)  sad  a  gradual  increase  In  the 
magnitude  of  the  coefficients  with  increasing  Mach  matter.  The  increase 
in  coefficients  with  Mach  mnber  has  already  been  pointed  out  In  the 
previous  discussion  of  the  suhecnlc  basis  coefficients.  Cg_  and  Cjl  at 
M  m  0.291/  M  -  0.600,  and  M  ■  0.810  appear  to  be  Increasing  with,  angle  of 
attack  and  give  no  hint  of  a  peak  or  aartmm  within  the  angle  of  attack 
range  tested,  but  at  M  ■  0,91a  at  the  highest  angles  there  sesas  to  be  a 
suggestion  at  a  peak  In  the  Cgp  curve.  It  would  be  Interesting  in  the 
future  to  sake  measurements  at  higher  angles  of  attack  to  determine.  If 
and  where,  the  Magnus  coefficients  attain  s  naxlnun  value.  The  supersonic 
plots  of  Cn_  and  CMp  an  presented  In  Figures  2k  to  28.  These  curves 
have  the  noteworthy  difference  froa  the  subsonic  curves  In  that  at  angles 
of  attack  between  10  degrees  and  Ik  degrees  the  Magnus  coefficients  have 
attained  their  greatest  value.  Further  Increase  In  angle  at  attack  Is 
accompanied  by  a  diminution  of  the  coefficients.  Although  there  are 
relatively  few  Magnus  data  at  the  positive  angles  of  attack,  the  CRp  and 
CMp  variations  appear  to  be  odd  functions  of  the  angle  of  attack,  l.e., 
the  curves  have  origin  synastry.  It  seems  that  at  aaall  angles  of  attack 
tha  data  night  be  fitted  by  a  polynomial  In  a  of  the  fern  Ki  *  to’. 

36.  Also  presented  with  the  Magnus  coefflclants  In  this  group  of 
figures,  are  the  variations  in  center  at  Magnus  with  angle  of  attack; 
ths  center  of  Magnus  positions  are  given  in  terns  of  fractions  of  body 
length  from  the  base.  The  curves  at  the  subsonic  centers  of  pressure 

•bow  a  snail  rearward  aovsasnt  at  tha  hlgbar  auglas  of  attack  and  practically 
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no  variation  with  Mach  number .  The  curves  of  tha  auperaanlc  canter*  of 
Magnus  hara  a  a  sail  "a"  variation  with  angle  of  attack  and  also  no 
significant  change  with  Mach  number.  There  la  only  approximately  a 
10  percent  of  the  model  length  (or  .7  calibers)  variation  In  the  center  of 
Magnua  for  all  Mach  nuebera  tea ted,  if  the  data  points  at  the  a wall  angles 
of  attack,  whoee  scatter  would  normally  be  expected  to  be  large,  are  not 
Included.  The  center-of -Magnua  curves  have  been  faired  to  that  value 
of  center  at  Magnua  as  determined  by  the  Magnua  force  and  mo— at  coefficient 
elopes  at  a  a  0°. 


37*  The  next  group  of  figures  (29  to  37),  present  the  Magnus  force 
and  acaant  coefficients  In  the  fora  Cg^  and  Cg^.  These  curves  were 

constructed  using  the  faired  curvee  of  Cgp  and  Cgp  and  using  the 
relationships,  Cg^  ■  Cgp  and  Cj*^  -  Cg^.  These  relationships  yield 

a  a 

"see ant-alope"  values  of  Cgg,  and  C)^  at  all  angles  of  attack  other  than 


aero  degrees.  At  a  •  0  degrees,  these  " secant- slops”  coefficients  are  the 
actual  slopes  of  the  Cgp  and  Cgp  curves,  i.e.,  (Cg^j 


'o-O® 


Jatmoo 


and 


0.0° 


For  the  secondary  slopes  (as  previously 


discussed)  the  above  relationships  were  also  used.  These  curves  behave 
Ilka  even  functions  of  tha  angle  of  attack  and  have  the  appearance  of 
parabolas  at  the  snail  angles.  The  Magnus  fares  coefficient  Cg^  as 

dsfln*J  In  the  table  presented  la  the  section  titled  “Coefficients"  is 
positive  In  sign  regardless  of  tha  alga  of  the  angle  of  attack  or  the 
sign  of  the  spin  velocity.  The  Nmpus  nonent  coefficient  Cg^  Is  similarly 


Independent  of  the  signs  of  angle  of  attack  and  spin  velocity  (or  coabljm- 
tloas  thereof)  end  depends  only  on  the  location  of  tha  center  of  Magnus 
with  rsspsct  to  the  center  of  gravity.  Cg^  la  positive  If  the  canter  of 

Magnus  Is  located  behind  the  center  of  gravity  and  negative  In  sign  If  the 
center  of  Magnus  la  ahead  of  the  canter  of  gravity. 


38.  Included  In  these  plots  ere  the  values  of  Cg^  end  Cg^  as 

obtained  frcn  free-fllght  range  firings  (reference  c).#  Tbs  range  values 
are  shewn  In  these  figures  as  hcrleontal  lines  between  u  «  +3  degrees 
because  these  data  were  obtained  fron  range-firing  rounds  whose 
oscillations  varied  approximately  between  these  limits. 


39*  An  overall  picture  of  the  test  results  can  be  obtained  from 
Figures  38  and  39.  In  these  figures  Cgp  and  CMp  are  plotted  against  Mach 

number  for  various  angles  of  attack.  The  subsonic  portions  of  these  plots 
present  curves  for  angles  of  attack  up  to  20  degrees,  while  the  high  angle 
of  attack  curves  have  been  anltted  from  the  supersonic  portion.  This  was 
done  to  preserve  the  clarity  of  the  presented  supersonic  curves  since  the 
higher  angle-of -attack  curves  would  he  superimposed  over  the  presented 
curves  and  would  he  confused  with  than. 

*  BBL  876  contains  only  supersonic  data 
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ko.  During  the  processing  of  the  data  It  was  noticed  that  the  peak 
supersonic  values  of  Cgp  plotted  against  Mach  number  could  be  approximated 
by  1/  Nm^=1.  This  relation  was  Included  In  Figure  38  to  demonstrate  this 
approximation.  The  authors  do  not  wish  to  Imply  that  this  relationship 
would  hold  for  all  models,  but  it  does  appear  that 

(Ckp)*u  -  K/iifo. 

might  be  a  relationship  which  would  describe  the  maximum  Magnus  coeffi¬ 
cient  obtainable  at  supersonic  velocities,  where  K  might  be  a  function 
of  the  model  shape  and  fineness  ratio  (K ~  1  for  this  model).  Further 
evidence  should  be  sought  to  check  the  validity  of  this  apparent 
relationship. 

ki.  in  Figure  ko  are  presented  Cg^  and  values  versus  Mach 

number  for  email  angles  of  attack  from  the  Haval  Ordnance  laboratory  wind 
tunnel  end  the  Ballistic  Research  laboratories  firing  range  results. 

k2.  Before  giving  some  cocssents  on  the  cocker  Is  on  between  the 
results  presented  in  this  report  end  tho  Aberdeen  ballistic  range  deter¬ 
mination  of  the  Magnus  characteristics  of  the  seven  caliber  AH  Spinner 
Rocket,  some  clarification  may  be  In  order  for  Figure  kO.  In  this  figure 
the  data  points  with  the  square  symbols  are  the  values  of  Cg^  aid 
derived  from  the  wind-tunnel  Cgp  and  CHp-coelf  Iciest  values  for  o  equal 
to  k  degrees.  The  curves  fitted  to  these  points  an  curves  fitted  by  eye 
to  the  points  end  ere  only  presented  to  Illustrate  the  general  trend  of 
tho  data  with  Mach  number.  The  data  point*  with  circle  symbols  are  the 
values  of  Cg^  and  coefficients  derived  from  the  wind-tunnel  Cgp 
and  Cgp- coefficients  versus  a  elopes  at  a  equal  to  0  degrees.  Again,  the 

curves  through  these  points  have  been  fitted  by  eye  and  Illustrate  the 
general  trend  of  the  wind-tunnel  data  with  Mach  number.  The  shaded  triangles 
represent  data  points  taken  from  ERL  Report  876,  pages  $3-70,  and  converted 
to  CNgg  and  Cg^  coefficients  (see  section  on  "Coefficients"  for  the 

relationships  used  to  convert  Kg  and  Kp  to  Cg^  and  Cg^  coefficients).  The 

Ballistic  Research  laboratories  curves  fitted  to  these  points  were  fitted 
by  a  statistical  method  that  was  fairly  Involved  and,  therefore,  is  not 
explained  here.  Tne  shaded  diamonds  represent  data  points  taken  from 
HRL  Report  775,  pagea  19-2k,  and  converted  to  Cg^  end  Cm^  coefficients. 

The  curves  fitted  to  these  points  were  fitted  by  a  statistical  method  that 
was  also  fairly  involved  and  Is,  therefore,  not  explained  here  (see 
BRL  Report  876  end  RRL  Report  775  for  the  methods  used  for  fitting  curves 
to  these  data). 

k3.  Since  (a)  no  analysis  has  been  made  of  the  data  presented  In 
this  report;  (b)  there  are  several  obvious  differences  between  the 
exper '-mental  conditions  existing  for  a  sting  mounted  model  in  the  HOL 
kO  x  kO  -m  Aeroballistics  Tunnel  and  a  model  fired  In  the  BRL  Ballistics 
Range;  and  (c)  there  are  differences  In  the  data  reduction  procedures 
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between  the  wind-tunnel  and  freo-flight  data  presented  In  Figure  ho, 
no  direct  comparison  should  be  expected.  However,  the  correlation 
between  these  data  shows  sobs  trends  which  appear  to  be  significant  and 
are  therefore  Mentioned  below. 

44.  For  the  reasons  listed  In  the  proceeding  paragraph,  no 
detailed  comparison  of  the  wind-tunnel  and  firing-range  data  Is  given 
or  warranted;  hence,  let  It  suffice  for  the  authors  to  state  the 
following: 

(a)  At  supersonic  Mach  numbers ;  the  range  and  wind-tunnel 
values  for  both  and  an  essentially  In  agreement  within  the 

experimental  accuracy  of  the  data. 

(b)  The  subsonic  Magnus  force  coefficients,  as  determined  by 

the  wind  tunnel  do  not  agree  with  the  values  determined  by  the  ballistic 
range  in  that  the  wind-tunnel  Magnus  farce  coefficients  appear  to  bo 
significantly  larger  than  the  farce  coefficients  determined  from 

range  firings. 

(c)  As  regards  the  subsonic  Magnus  moment  coefficients,  the 
wind-tunnel  and  firing-range  results  are  in  complete  disagreement.  The 
difference  between  these  results  In  Magnus  moment  eigne  indicates  that 
the  firing- range  centers  of  Magnus  are  ahead  of  the  projectile  center  of 
gravity  (C.C.  4.04  calibers  from  the  nose)  whereas  the  wind-tuunel  centers 
of  Magnus  are  behind  the  projectile  center  of  gravity.  Generally 
speaking,  the  wind-tunnel  results  ahem  that  there  la  relatively  little 
change  in  center- of-Magnus  position  for  the  Mach  numbers  for  which  data 
were  obtained;  on  the  other  hand,  the  firing-range  results  show  a  rather 
large  variation,  with  Mach  number,  in  cemter-of -Magnus  position.  The 
reason  far  this  difference  between  wind-tunnel  and  firing-range  results 
la,  as  present,  unknown. 

45.  Figures  4l  and  42  present  some  typical  schllsren  photographs 
taken  during  the  prograa.  All  of  the  photographs  were  taken  as  kktaohroae 
color  transparencies  using  an  experimental  color  schlloren  system.  The 
black  and  white  photographs  presented  hare  were  reproduced  from  black  and 
white  negatives  made  from  the  Xktacbron  transparencies  end  are  not  as 
good  in  quality  as  ordinary  black  and  white  schlleren  photographs,  due  to 
the  successive  reproductions  and  to  the  poorer  initial  quality  of  the 
Iktaehrene  transparencies .  Color  schlleren  transparencies  however,  do 
reveal  variations  in  the  flat  patterns  to  a  much  greater  extent  than  do 
black  and  white  schlleren  photographs  due  to  the  ability  of  the  huaan  eye 
to  differentiate  changes  in  color  better  than  gradations  of  black  and 
grey.  Figure  41  presents  two  subsonic  ochlleren  photographs  of  the  model 
it  a  m  21  degrees  and  a  spin  rate  cf  approximately  500  revolutions.  One 
photograph  was  taken  whan  the  Mach  number  was  0.810  sol  the  other  was 
taken  whan  the  Mach  number  was  0.914.  The  only  marked  difference  between 
the  two  is  the  increase  in  the  density  gradient  over  the  shoulder  of 

the  model  and  the  development  of  the  etaaiirg  shock  waves  in  this  vicinity. 
Figure  42  presents  a  comparison,  at  M  -  1.57,  of  the  flow  patterns  around 
the  model  between  a  high  spin  case  and  a  no  spin  case.  There  Is  no 
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■i->] arer.t  difference  in  the  vortex  patterns  shed  from  the  model  betveen 
the  two,  although  there  is  a  distinct  difference  in  thr  flow  patterns 
limedlstely  behind  the  model  base.  The  difference  in  tt.j  base-wake 
patterns  between  the  hlgh-snin  case  and  the  no-spln  case  is  attributable 
to  the  turbine  air  supply  being  exhausted  out  of  the  model  base  in  the 
spin  case. 


CONCLUSIONS 

U6.  The  data  presented  in  this  report  were  obtained  as  an 
intermediate  step  in  the  developeserrt  of  instrumentation  for  the  measure* 
aunt  of  Magnus  effects  on  the  NOL  UO  x  bO  cm  Aeroballistics  Tunnels . 

The  preliminary  phases  are  now  complete;  i.e.,  Magnus  measurements  can 
now  be  made  with  relative  ease  at  typical  sealed  spin  rates  and  for  angles 
of  attack  from  tero  to  ninety  degrees.  Much  work  remains  to  be  done, 
however,  in  Improving  the  accuracy  of  the  data,  and  in  adapting  the 
instrumentation,  support  system,  and  motive  power  to  various  missile 
shapes  of  Interest.  This  further  development  Is  now  being  carried  on 
but  the  authors  believe  that  the  data  presented  la  this  report  are  of 
sufficient  Interest  for  publication  at  this  time. 

Vf.  it  should  be  evident  from  these  data  that  the  aerohalllstlc 
Magnus  coefficient  definitions  are  inadequate  for  non-linear  Magnus  data 
(see  reference#  g  and  b).  An  analysis  of  theee  and  similar  Magnus 
data  may  yield  coefficients  which  remove  much  of  the  non- linearities  with 
Mach  number,  spin  rate,  end  angle  of  attack. 

h6.  The  authors  believe  that  Magnus  data  obtained  from  wind-tunnel 
tests  are  of  at  least  equal  accuracy  and  reliability  to  Magnus  data 
obtained  from  free-f light  range  firings.  However,  the  direct  applicability 
of  these  supersonic  wind-tunnel  Magnus  data  to  the  motion  of  a  spinning 
missile  In  free  flight  remains  to  be  demonstrated.*-  Since  the  Magnus 
data  obtained  from  wind-tunnel  tests  essentially  agree  with  free- flight 
range  results  for  the  small  angle  of  attack  region;  l.e.,  a  <  3  degrees, 

It  Is  reoconible  to  expect  good  agraaamnt  between  free- flight  notion 
predicted  from  wind-tunnel  data  and  the  actual  free-fllght  motion  of  the 
missile  at  such  small  angles  of  attack.  There  Is  seem  evidence  to  believe 
that  a  similar  conclusion  may  be  forthcoming  for  free-fligbt  motions 
involving  considerably  larger  angles  of  attack  than  those  obtained  In 
firing  rang*#.1  Wind-tunnels  have  an  advantage  over  firing  ranges  in 
that  not  only  may  wind-tunnel  Magnus  data  be  obtained  over  wide  ranges 
of  angles  of  attack,  spin  rates,  and  Hach  numbers,  but  It  is  also  possible 


Similar  Magnus  data  from  a  subsonic  wind-tunnel  test  of  the  6"  Test 
Vehicle  and  the  12.75"  Antisubmarine  Rocket  have  recently  been  obtained 
by  the  Naval  Ordnance  laboratory.  These  data  are  being  used  at  Tfehlgren 
to  predict  the  free-fllght  motion  of  the  missile  by  numerical  Integration 
of  the  equations  of  motion.  The  computed  results  have  been  found  to  be 
consistent  with  observed  flight  behavior. 


16 

C CREDENTIAL 


I 


CCWmflfTIAL 
HAVQKD  Report  3813 

•luce  thee*  variables  may  be  treated  as  completely  independent,  to 
exercise  a  much  greater  and  more  careful  control  over  wind-tunnel 
experimental  conditions  than  may  be  exercised  In  the  firing  ranges.  In 
addition  the  wind  tunnels  require  no  assumptions  as  to  the  nature  of  the 
variation  of  aerodynamic  forces  In  order  to  reduce  the  data.  At  the 
present  time  such  assumptions  are  made  In  reducing  free- flight  range  data. 
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